An integrated tool is presented for the estimation of the microstructure of steels that consist of a mixture of ferrite and martensite following hot deformation processing. The model includes estimation of the effect multi-pass rolling on the austenite size and shape, and its stored energy, information which is then passed on to modules dealing with solid-state phase transformations. Finally, the mechanical properties are estimated using separate modules for strength, toughness and ductility. The integrated model shows good agreement with experimental data.
Introduction
The mechanical properties of steels are in general sensitive to the processing route so there has been an increasing trend to develop control algorithms for manufacturing equipment such as rolling mills [1-3, for example]. In-deed, it places equipment manufacturers at an advantage if they are able to offer algorithms that permit the use to produce specific varieties of steel as a function of equipment settings. The challenge remains to connect existing computerised parameter settings of industrial production equipment to the prediction of properties from metallurgical point of view in all parts of the process [4] .
In this paper, a computer aided tool based on mathematical models for prediction of the microstructure and mechanical properties as a function of the hot rolling and cooling conditions is proposed for dual phase steels. An integrated tool proposed for final phase constitution of dual-phase steel has been developed, modelling recrystallization resulting from hot deformation, quantitative microstructure of deformed grains, and structure calculations based on kinetic theory to obtain final microstructure after cooling. At the end, it will be demonstrated that mechanical properties can be predicted with good accuracy from a combination of the measured or calculated structure in combination with a neural network model [5, 6] or other methods that are simpler although linear [7] .
Integrated tool for prediction of properties

Hot deformation of austenite
Hot deformation is the standard processing route for steels following casting. For flat products, such as those of interest here, hot rolling is applied while the steel is austenitic. Deformation can be completed at a temperature that leaves the austenite in a plastically deformed condition, because this leads to a refinement of the microstructure that evolves during cooling. The defects that are introduced into the austenite, during deformation, together with the fact that the austenite surface per unit volume is increased by plastic strain, contribute to the transformation rate for diffusional transformations, and hence enhance both the nucleation and growth rates for ferrite formation. Designating ∆G S as the stored energy of the austenite, the net driving force becomes:
where ∆G γ→α ′ and ∆G γ→α represent the driving forces for the respective reactions. In contrast displacive transformations inherit the defect structure of the parent phase and hence ∆G S does not contribute to the driving force of transformations.
Plastic deformation leads also to a change in surface energy per unit volume S V which depends upon the exact nature of the strain, and can be calculated for a variety of deformation methods including rolling, forging and extrusion, using appropriate equivalent strain and quantitative treatment of the topology of deformed grains [8] [9] [10] .
Static and Metadynamic Recrystallization and Grain Growth
The recrystallization of austenite during hot working has been studied extensively [11] [12] [13] [14] [15] [16] . Recovery is the main softening mechanism below a critical strain, and recrystallization occurs only when that strain is exceeded. The critical strain to induce recrystallization depends on initial grain size, strain rate and temperature. For example, when strain rate increases, critical strain for recrystallization also increases. Recrystallization occurs during deforma-tion is called dynamic [17] . Hot strip rolling involves strain rates > 100 s −1 while interpass times are < 3 s, which makes dynamic recrystallization unlikely. In multi-pass hot-strip rolling, stored energy due to incomplete softening in preceding passes is accumulated and if this reaches the critical value then recrystallization follows, i.e., metadynamic recrystallization occurs after the final pass or between passes if interpass times are sufficient [18] .
Many of the phenomena can be rationalised in terms of a Zener-Holomon parameter [19] that accounts for both temperature and strain rate:
whereε is strain rate, Q is an activation energy for deformation, T is the temperature, A, n, φ are material constants and σ is the stress.
An initial model was developed for plate rolling and DRX was neglected due to the relatively small (≈ 20%) reductions of interest in the present work [13] . However, the reductions are greater in strip-rolling passes where DRX needs to be accounted for. Further development included a more detailed interpretation of processes occurring during hot deformation [20] . The critical strain was taken to occur at 0.8 of the strain at peak stress (ε p ) and was described as a function of the initial grain size (d 0 /µm) and Zener-Hollomon parameter (Z /s −1 ) which describes strain rate and temperature. Peak stress is given as [20] ε p = 6.97 × 10
The kinetics of recrystallization can be reasonably well described by an empirical application of the classical Johnson-Mehl-Avrami-Kolmogorov the-ory [21] [22] [23] :
where n is material constant and t 0.5 is the time in seconds for the 50 % recrystallization. For example, time for 50 % recrystallization in C-Mn steels during hot rolling obtained by empirical equations
where d 0 is initial grain size in µm, Q is an activation energy (for C-Mn steels Q ≈ 300 kJ mol −1 ) [24] , T is absolute temperature in K, Z is ZenerHollomon parameter in s −1 . For typical time intervals of 1 s to 10 s between rolling passes, it can be seen that for C-Mn steel recrystallization typically takes place between each pass for most of the temperature range. At the end of recrystallization, grain size can be for C-Mn steels [20] , calculated using
where d 0 is initial grain size in µm, Z is Zener-Hollomon parameter in s
and ε * is ε * = 0.57d
The empirical parameter ε * is introduced to deal with the fact that the recrystallized grain size d rex is independent of the Zener-Hollomon parameter Z, i.e., it is proportional to Z 0 = 1 [25] .
Temp / After recrystallization is complete, normal grain growth processes take place [28] . The fine grain sizes are unstable and rapid grain growth occurs particularly at high temperatures [24, 29] :
where A gg is material constant and Q gg is activation energy for grain growth (for C-Mn steels A = 3.87 32 µm 10 s −1 and Q gg ≈ 400 kJ mol −1 ) [24] .
During hot rolling, grain size can be calculated from simple geometrical considerations for plane strain deformation [25] . The limit for completely covering prior grain boundaries with new equiaxed grains is given by
where h t and h 0 are the final and initial thickness of rolled plate. Using the von Mises' criterion, complete grain boundary nucleation (X gbs = 1) only occurs when
where ε is the equivalent tensile strain.
Utilizing above equations for C-Mn steel with residual strain 0.3, temperature 850
• C and starting grain size 28 µm grain size evolution is shown in figure 1 .
The grain size during and after hot rolling can be calculated using this position of austenite into several transformation products. Roughing and finishing passes are marked with R and F, respectively. In connection with data presented in Tables 1-2 , the model was also validated for estimation of grain size reported by Senuma et al. [26] and Suehiro et al. [27] with results graphically presented in figure 3.
Quantitative metallography of deformed grains
During rolling, grains are deformed in the rolling direction more severely than in other directions. This is known as pancaking, which increases the amount of boundary per unit volume S gb V , and therefore the number of nucleation sites for allotriomorphic ferrite. For equiaxed grains, such as fully recrystallised austenite, the surface area per unit volume can be from stereology related to the mean linear intercept grain size, d.
Implementation of pancaking effect in hot deformation module assumed a tetradecahedron shape, which resembles the true shape of equiaxed grains, and is able to tessellate and fill space in three dimensions [8] [9] [10] . The change of surface area per unit volume is for rolling given as [9] 
where S 11 and S 33 are principal distortions, i.e. the ratios of the final to initial lengths of unit vectors along the principal axes. Along the principal directions, true strains are given by ε ii = ln(S ii ). It was also shown that application of deformations to the tetradecahedron shape produces essentially (a) (b) Figure 3 : Evolution of grain size during rolling a) rolling schedule after Sneuma et al. [26] and b) rolling schedule after Suehiro et al. [27] .
identical results to those produced from stereological measurements [9] . Influence of strain during rolling on the change of surface area per unit volume is depicted in figure 4. 
Stored energy
Stored energy due to deformation has an influence on the decomposition of austenite during cooling. If the dislocation density is known, energy can be calculated from the length of the dislocation line. It is difficult to measure the dislocation density, therefore a different approach is needed.
The stored energy is calculated as a fraction of the total work done in deformation in the roll passes in which recrystallization did not occur (i.e., n−i where n is the number of passes and i the number where recrystallization did occur: ∆G stored = n n−i α s σ i ǫ i , where α s to be 0.1 [30] , so that 10% of the work of deformation is stored. σ i and ǫ i represent the mean stress and strain. This is how the accumulation of strain in the non-recrystallising passes is handled. But the early rolling stages all lead to recrystallization being completed between passes -when recrystallization happens, the stored energy is reset to zero.
As stated above, the stored energy can be estimated by assuming it is 10% of the total work done during deformation [30] , which in turn is reduced to the area under the flow stress curve. This can be calculated either empirical or using neural network models. The model was constructed so that in addition to the strain values which can be calculated, the flow stress is estimated as a function of temperature, strain rate, and composition from Zener-Holomon parameter (cf. equation 1). Implementation in the integrated model to calculate flow stress in the austenitic area is based on the inputs from the required deformation schedule.
In the case of simple C-Mn steels, the Swift equation which relates stress and strain, is used with material constants derived by Saito et al. [31] to describe the hot deformation of austenite. A neural network model [6] was implemented for other cases, where equations are not available in the literature.
Plastic deformation of austenite leads to an increase in the stored energy. Stored energy has great influence on diffusional transformations due to increase of driving force which is considered in module for calculation of thermodynamics and kinetics of solid-state transformations, presented in next section. The effect of stored energy on the ferrite grain size is shown in table 3. In the next section it will be demonstrated that increased stored energy (driving force) reduces the ferrite grain size. The more important influence of increasing the stored energy is the greater volume fraction of ferrite transformation. This leads to higher levels of carbon in the austenite and martensite which forms on cooling.
Phase transformations during cooling
Having defined the state of the austenite, the next stage was to calcu- 
Structure calculation
The model for phase transformations uses the extended space method developed originally by Johnson-Mehl-Avrami-Kolmogorov, as adapted later for multiple transformations occurring simultaneously [32, 33] . The implementation requires numerical solution in order, for example, to allow for soft impingement effects and other changing boundary conditions as the austenite decomposes. The equations for nucleation and growth assume there is an unlimited 'extended' volume for transformation, and therefore impingement is accounted for explicitly by further equations. Impingement in real space accounts for the fact that nucleation and growth cannot take place in the regions that have already transformed. To obtain the transformed volume, the extended volume is therefore adjusted according to the untransformed volume fraction.
For transformation from one parent phase into several different daughter phases m, the change in volume of phase j is described by;
where dV and dV e represent the real and extended changes in volume, and V tot is the total volume of the transforming system. For each phase the nucleation rate I per unit volume, and the growth rate G can be calculated depending on the mechanism For example, when G and I are constant,
where τ is an incubation time, and g is a geometric factor, 4/3π for a spherical particle. The nucleation and growth rates are not of course constant in reality, but the details are described elsewhere [32, 33] .
Indeed, the structure calculation model accounts for nucleation at grain boundaries and inclusions, in the former case using the theory developed by [34] . Phases grow on the grain boundary and perpendicularly into the grain.
In extended space, the grain boundary can be visualised as a plane, and the grain volume as a series of parallel planes, with distance ∆y between each plane. All nucleation takes place on the grain boundary, and impingement must be considered on the grain boundary and in all planes. Considering increase by small finite transformation volume ∆O equation 14 becomes
where the subscript y denotes the distance of the plane to the grain boundary, O B is the total grain boundary area per unit volume, O j,y the transformed area and ∆O e j,y the extended area of phase j on plane y that is transformed in one time step ∆t. If the grain boundary is assumed to be flat then the true volume can be calculated
Combining with models for nucleation and growth, then using finite steps, the integral in equation 15 becomes a sum of all n t time steps so that t = n t ∆t
A j,y,l ∆tI j,l ∆τ (18) where A j,y,l is the area growth rate for a particle of phase j nucleated at time τ = l∆τ on plane y and I j , l the nucleation rate per unit area at this time for phase j. The growth rate of all the particles nucleated between t = 0 and time t is calculated by multiplying their number (determined by nucleation rate and nucleation time) with their growth rate at the each plane. Details of the nucleation and growth models for the different phases can be found elsewhere [33] .
Chemical segregation causes microstructural banding and needs to be 
The ferrite grain size d α is estimated at the end of structure calculation for each slice independently as (20) where N v,α is total number of allotriomorphic ferrite particles per unit volume [36] . In the program number of ferrite nuclei N v,α is calculated by multiplying the total number of nuclei on one plane with the untransformed area fraction on this plane and summing over all planes
where N v,α,k is the total number of nuclei on plane k and n is number of all planes [35] . Table 3 shows the effect of stored energy on estimation of ferrite grain size, M S temperature, volume fraction of ferrite and volume fraction of retained austenite for an alloy Fe-0.1C-0.31Si-1.42Mn wt% with prior austenite grain size 50 µm, cooled at 1 Fig. 5a . However, as L γ increases, the few nuclei simply grow along the austenite boundaries to form layers and then thicken as one-dimensional diffusion-controlled growth, which rapidly slows down with time due to the accumulation of solute ahead of the interface. This means that the grain size then becomes insensitive to L γ as seen in Fig. 5a .
At high cooling rates (large undercooling), the nucleation rate is larger, and the greater number density of sites associated with small L γ therefore leading to a smaller ferrite grain size, as illustrated in Fig. 5b .
Integration of models for prediction of properties
Models presented above treat only separate parts of complex steel processing route. In order to obtain full description at the end of the processing, models were amalgamated as larger modules and integrated in a unified prediction tool. Each component used to build the integrated prediction tool were previously independently verified and validated [8-10, 14-16, 31-33, 35, 37, 38] . In figure 6 the structure of the integrated tool with components of each module (cf. table 4) is shown as a flow chart. The calculation starts with module for hot deformation where input parameters are austenite grain size and rolling schedule (strain, strain rate, interpass times, number of passes) used to estimate grain size after hot deformation. Outputs are used for topology of deformed grain, and determination of stored energy.
The structural description of the austenite is passed to the next step, to the structure calculation module where based on the cooling conditions final microstructure and ferrite grain size are calculated. 
Summary and conclusions
The integrated model has been developed for the quantitative estimation of steel properties from hot deformation to final microstructure at room temperature. The steel processing route is compartmentalised and models were developed for each step with previous mathematical models connected to the overall scheme to complete the calculations (cf. figure 6 ). The calculation starts with hot deformation, where important features such as grain size after deformation and recrystallization, amount of boundary per unit volume, stored energy and others are passed on to the structure calculation module where final microstructure and ferrite grain size are calculated. The following conclusions can be reached from the present work:
• The model allows the calculation of austenite during hot deformation and recrystallization. To obtain amount of boundary per unit volume, quantitative metallography of deformed grains is employed.
• Stored energy due to deformation is calculated and considered during transformations during cooling.
• For experimentally evaluated dual phases steel, structure calculation gives results in agreement to experiments.
• The obtained description of microstructure can be easily used for prediction of final mechanical properties with mathematical models or neural network models for specific types of steels.
